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INTRODUCTION
In the simulation of short waves for coastal engineering applications, the domain of integration is virtually infinite. However, economical constraints necessitate that the computational domain is limited as far as possible. At the open boundary so introduced, proper boundary conditions must account for the coupling between the wave field on the computational mesh and the field in the infinite domain left out of the computation. The standard way of solution is to reformulate the scattering problem as a radiation problem (Israeli and Orszag, 1981 ) . All waves are then outgoing waves and they must be absorbed on open boundaries.
Perfect absorption can only be obtained in very specialized cases, e.g. one-dimensional, linear wave problems (Verboom et al., 1982) . For more general problems, higher-order boundary conditions can be found by the use of an expansion technique and the application of pseudo-differential operators (Engquist and Majda, 1977) . Another approach is to introduce artificial damping in the formulation of the problem. Israeli and Orszag (1981) have shown how a combination of damping or "sponge" layers and absorbing boundary conditions very efficiently absorbs outgoing waves. Madsen (1983) describes the absorption properties of porous structures in short.wave simulations.
In this paper we report a new way of reformulating the scattering problem as a radiation problem. The incident wave field is simply added on a line inside the computational domain. We consider the implementation of this technique in a finite-difference formulation. Then a very efficient method of implementing "sponge" layers in difference schemes is described, and a linear analysis of the one<iimensional, modified Preissmann box scheme (Preissmann, 1961; McCowan, 1978) is carried out. Finally, a number of results with a two-dimensional scheme (Abbott, 1979} is shown.
THE RADIATION PROBLEM
In Fig. 1 we show a definition sketch of the problem. Abbott et al. (1978) have shown the feasibility of using the Boussinesq equations for short-wave simulations in shallow water. The equations read (Peregrine, 1967 
BOTTOM
Previously the method of characteristics was used to separate incoming from outgoing waves. However, this method only works well when the waves are linear and approach the open boundary at almost right angles. In the present paper we propose to generate the waves inside the model boundary by perturbing the surface elevation along a straight line.
We want to generate an incident wave of celerity c and elevation ,71 that propagates at an angle 0 with respect to the line of generation, l. This wave has the celerity c sin0 perpendicular to I. For simplicity, let l pass through the grid points (if this is not so, the amount to be added is distributed to the grid points closest to l) and let the distance between successive points on l be As, then the volume flux across 1 is ~I c sin0 As in both directions. This amount must be balanced by adding volume to the system. Since a grid point covers an area of AxAy, where AX and Ay are the grid spacing in the x-and y-directions, respectively, the surface elevation to be added to ~ at each grid point of I is:
In one dimension, eq. 3 reduces to:
where Cr = cA t/Ax is the Courant number.
In Fig. 2 we show a one-dimensional boundary is fully reflecting. Cnoidal waves of height 0.5 m are generated at x = 200 m. The water depth is 10 m and the wave period is 20 s. The surface elevation is plotted each second between 100 and 120 s after the start of the calculation. We see a standing wave to the left of the line of generation and a progressing wave of double the incident wave height to the right of this line. Since the waves are non-linear we do not have perfect nodal points. The figure shows that the waves, which are reflected at the left boundary, pass through the line of generation without distortion.
ABSORPTION
By generating waves inside the computational domain we are certain that all waves are outgoing waves. Hence all waves must be absorbed at an open boundary. In the code we do this by dividing, at each time step, the surface elevation and the flow on a few grid lines next to the boundary by a set of numbers which increase towards the boundary. We linearize the Boussinesq eqs. 1 and 2 to get the one-dimensional long-wave equations:
at ax and ap a~-
where p = uD is the flux. We use the modified Preissmann box scheme (McCowan, 1978) in the analysis. This scheme is fully centered on [(j+~}Ax,nht] in both space and time. We have used the representation:
n+,
where ~)= [(jAx,nAt) , etc., and a is a weighting factor. After each time step we divide the surface elevation and the fluxes with g (x) on the sponge layer grid lines. In eqs. 7 and 8 this corresponds to replacing the variables at time step n and n-1 with the values that result after division by p and g2, respectively. Denoting these values by a star we find the differential equations corresponding to the combined process of solving eqs. 7 and 8 and dividing on the grid lines: a~* avp* l-p-: we generate cnoidal waves of one meter wave height. The grid spacing is Ax = 10 m. The surface elevation is hardly visible after the double passage through the sponge layer.
TWO-DIMENSIONAL SIMULATION RESULTS
In the two-dimensional simulation we use the $21MK8 system (Abbott, 1979) . For all the examples we show in this section, we use a square model with a side length of 600 m. The still water depth is 9 m. We use a square grid with Ax = 10 m. All boundaries are open and we use sponge layers of width 5Ax here. The lines of wave generation are each marked by two arrows on the figures.
In Fig. 7 a simple diffraction test is shown. Figure 7a shows the surface elevations and Fig. 7b shows the velocities 75 s after the start of the simulation. The breakwater is fully reflecting. Waves are added perpendicular to the line of generation. The incident wave is a sine wave of period 12 s and height 0.5 m. A standing wave pattern is formed --as expected --in front of the breakwater and this pattern is only insignificantly distorted by the generation process.
In order to show the feasibility of generating a short-crested wave field, i.e. a wave field with a directional spectrum, we have performed the simulations shown in Figs. 8 and 9 . In Fig. 8 we show the generation of a sine wave, which propagates obliquely to the grid line, forming an angle of 45 ° with the grid line. The period is 12 s and the wave height is 0.5 m. Figure 8a shows a contour plot of the surface elevations and Fig. 8b shows the velocity plot 75M after the start of the simulation. The result of a simulation of the addition of two waves is shown in Fig. 9 . Sine waves of period 12 s are added perpendicular to the lines marked 1 and 2 in the figure. The velocity plot is drawn 36 s after the start of the computations. The short crestedness of the waves is apparent.
From Fig. 8 we see that waves of oblique directions can be generated on a line parallel to the model boundary. Hence the additional computational points, which must be introduced to accommodate the sponge layer, are five times the number of grid points along the open boundaries. Higher-order boundary conditions require a similar amount of additional grid points (cf. Engquist and Majda, 1977) ; but the present method, which appears to be generally applicable, is by far the simplest to implement.
CONCLUSIONS
A new way of implementing radiation boundary conditions in finite difference schemes is reported. The incident waves are simply added on lines inside the model boundary and then all waves are absorbed on the boundary. The linear analysis for the sponge layers shows that they have very broadbanded damping characteristics. Using only five grid lines in the sponge layer, reflection coefficients of less than 7% magnitude were obtained even with only 5% of the wave length in the sponge layer. The simulation results show that general incident wave fields can be generated by the new method and that the scattered field is only insignificantly distorted by the generation process and the sponge layers at the boundary.
